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Abstract 
We present a brief overview of the benefits of high performance thermoelectric sodium cobaltate. We then propose, through 
theoretical analysis, a method for pushing the thermoelectric conversation efficiency to a higher boundary. According to the first 
principles calculations, doping sodium cobaltate with alkaline earth metals results in improved electrical conductivity without any 
significant adverse effects on the other important factors of the thermoelectric performance. The results contribute towards design 
and synthesis of commercially feasible and highly efficient thermoelectric materials to harvest waste heat discharged from exhausts. 
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1. Introduction 
Optimizing energy consumption and reducing energy waste are critical steps toward balancing the energy demand-
supply relationship and delivering the energy carriers at affordable prices. Due to both fundamental physical barriers 
and engineering obstacles, 70% of the primary energy usage is discharged as waste heat into the environment, 
polluting the planet and straining energy supplies. Consequently, communities around the globe are seeking further 
increase of renewable energy as a solution [1]. This is motivating an ongoing research for development of alternative 
energy sources and innovative technologies such as novel thermoelectric (TE) materials to recover the waste heat in 
the form of electricity. The upper limit efficiency (η) of TE power generators is fundamentally dictated by the second 
law of thermodynamics and is correlated to TE materials’ figure of merit (ZT) —an intrinsic dimensionless property of 
TE materials at a given temperature. ZT only depends on the material’s chemical composition, lattice dynamic, band 
structures and microstructure. In order to achieve maximum theoretical efficiency i.e. Carnot efficiency, ZT has to 
approach infinity. Currently, the best performing materials based on the alloys of the bulk binary semiconductors such 
as Bi2Te3 and La3Te4 have ZT values around 1 at ambient, resulting in η < 10% [2]. In order to increase the current 
conversion efficiency to a more economical level of 25% for high temperature applications, TE materials with ZT > 2 
and chemical stability at T=~1000 K should be developed. 
ZT is defined as ZT=S2σT/k, where S is the Seebeck coefficient, σ the electrical conductivity, T the absolute 
temperature and k the thermal conductivity. k is a sum of two factors: the electronic thermal (ke) and the lattice 
(phonon) thermal conduction (kl). To maximize the ZT of TE materials, the following three criteria should be met: (a) 
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High Seebeck (S) coefficient to obtain highest potential difference for a given temperature gradient; (b) Low thermal 
conductivity (k) to maintain the temperature difference between cold and hot ends; (c) High electrical conductivity (σ) 
to obtain highest current for the generated thermo-voltage. TE materials also need to maintain their ZT during the 
operation at high temperatures and in highly reactive environments. The first challenge in raising the ZT of TE 
materials is the interdependency of the k, σ and S. For instance, σ in TE semiconductors is raised by shallow carrier 
doping. As an undesired side effect, the additional carriers boost the electronic share of the k and also reduce S, 
oftentimes resulting in no net improvement to ZT. Consequently, conventional doping techniques over the last five 
decades have only raised the ZT of typical bulk TE materials marginally i.e. from ~0.6 to ~1 [3]. The second challenge 
is caused by operation conditions at higher temperatures: due to (a) thermally assisted diffusion and segregation of the 
dopants, (b) oxidation and content loss, (c) changes to grain sizes and microstructure, the enhancement of ZT induced 
by the dopants usually perishes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) The schematic presentation of the primitive cell and lattice vectors of the NaCoO2 crystal. There are two Na+ ions in each primitive cell, 
one at Z = 0.25 and the other at Z = 0.75. (b) The position of O atom in the CoO layer. (c) The positions of the Na+ ions in the supercell Na0.75CoO2 
systems. Within each Na layer there are two types of Na ions, Na1 that shares basal coordinates with Co and Na2 which shares basal coordinates 
with O. 
 
Nomenclature 
DOS density of states     TE thermoelectric 
Ef formation energy     ZT figure of merit 
Et total energy      
k thermal conductivity    Greek symbols 
kl lattice thermal conductivity   δ partial charge 
ke  electronic thermal conductivity   η efficiency 
S Seebeck coefficient     μM chemical potential for element M 
T temperature     σ conductivity 
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In the layered cobaltite such as NaxCoO2, unlike all other TE materials, electrons and phonons effectively propagate 
in different layers of the primitive cell, resulting in far more freedom in tuning k, σ and S independently. For instance 
in sodium cobaltate, charge carriers propagate in the highly crystalline ionic (CoO)-δ layer while phonons propagate in 
the amorphous Na+δ layer. Hence, by engineering the Na+ patterning, some important TE factors such as phonon 
scattering rate and charge carrier concentration (n) can be manipulated favorably [4,5]. Additionally, ionic oxide 
cobaltites are chemically more stable than other TE materials by two means: (a) wide range of elements can be doped 
in these systems and (b) they have higher chemical stability in oxidizing environment. As a result, NaxCoO2 with high 
thermal and chemical stability and favorable structural features for the separation of charge and phonon propagation 
media and room for spin manipulation are one of the best candidates for thermoelectric systems operating at high 
temperatures. In this work, we investigate the electronic behavior of alkaline earth metals Ca and Ba dopants in 
Na0.75CoO2 by density functional theory. Na0.75CoO2 with higher Na concentration (generally x > 0.50), as investigated 
here, has excessively higher thermopower and thus is appealing for practical applications [6]. We chose Ca and Ba as a 
dopant particularly because our previous experiment demonstrated great enhancement in the thermoelectric 
performance of Na0.8CoO2 when doped with the lighter alkaline earth metal Mg [4]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The formation energy of the Ca and Ba dopants in Na0.75CoO2. 
2. Methods 
All-electron ab initio spin-polarized density functional calculations were performed using Accelrys’s DMol3 
package [7,8] employing “double-numeric plus polarization” basis set for all electrons while generalized gradient 
approximation (GGA) based on Perdew-Wang formalism [9] was applied for exchange-correlation functional. Real-
space global cut-off radii were set for all elements at 6.2 Å to warrant accurate numerical integration for Na, Ba and Ca 
orbitals. Brillouin zone sampling was carried out by choosing a 4×2×2 k-point set within Monkhorst-Park scheme with 
grid spacing of ~0.05 Å−1 between k points. Total energy convergence test was performed by using a denser k-point 
mesh where is was found that the energy changed only by 10−5 eV/atom, therefore the results were well converged. 
The convergence thresholds for energy, Cartesian components of internal forces and displacement at 10−5 eV/atom, 
0.01 eV/Å, and 0.005 Å respectively. The lattice parameters of the primitive NaCoO2 unit cell were found to be 2.87 
Å for a and 10.90 Å for c which are in reasonable agreement with experimental lattice parameters [10]. Then a 4×2×1 
supercell was constructed and four Na ions were removed to achieve the chemical composition of Na0.75CoO2 system. 
The ground state (lowest energy) arrangement of the Na ions in Na0.75CoO2 was adopted after our previous work [5]. 
Since we only considered cationic dopants, dopants’ formation energy (Ef) was calculated for four possible 
crystallographical configurations for any given Na concentration. In the first configuration, the dopant substituted a Na 
ion at Na1 site creating a CaNa1 or BaNa1 configurations. In the second configuration, the dopants substituted a Na ion at 
Na2 site creating a CaNa2 or BaNa2 configurations. Na1 and Na2 are two crystallographically distinct positions of Na 
ions within the unit cell. Na1 shares the basal coordinates with O while Na2 shares the basal coordinates with Co as 
demonstrated in Fig. 1. In the third configuration, the dopant occupied an interstitial site in Na layer creating CaInt or 
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BaInt configurations. Finally, the forth configuration was constructed by substituting the dopant for a Co ion creating 
CaCo or BaCo configurations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Total and partial density of states (DOS) of Ba doped Na0.75CoO2 systems. (a) corresponds to the case of BaNa1 dopant while (b) 
corresponds to the BaCo dopant. The solid narrow black lines represent total DOS of the systems while the dark grey shaded areas represent Co’s 3d 
states. Furthermore, the light shared areas represent O’s 2p states, bold solid lines represent Na’s 1s states while dashed lines represent Ba’s 6s 
states. 
3. Results and discussion 
The formation energy (Ef) of the dopants was calculated with the standard procedure as described by the following 
equation: 
 
Ef = Et(Na0.75CoO2:M) μα – Et(Na0.75CoO2) – μM.       (1) 
 
Here, Et(Na0.75CoO2:M) is the total energy of the Na0.75CoO2 supercell containing the dopant M (Ca or Ba) and 
Et(Na0.75CoO2) is the total energy of the pristine Na0.75CoO2 supercell. μα and μM are the chemical potentials of the 
removed and added elements respectively. The chemical potentials of Co, Na, Ca and Ba were calculated from the 
total energies of their respective most stable oxides that is CoO, NaO2 and CaO and BaO, as in the case of an oxygen 
rich condition. 
The formation energies of Ca and Ba dopants in Na0.75CoO2 for the four aforementioned configurations is presented 
by bold lines in Fig. 2. In the Ca doping, (Na0.75CoO2:Ca), the most stable configuration was CaNa1 with a Ef of 8.9 eV. 
The second most stable configuration, CaNa2, had a slightly higher Ef of 9.10 eV. The third most stable configuration 
was Ca which had a relatively higher Ef of 9.53 eV, while the highest Ef was that of CaInt which was 9.83 eV. For Ba 
doping (Na0.75CoO2:Ba), the most stable configuration was BaNa1 with a Ef of 3.48 eV followed by BaNa2 with a Ef of 
3.97 eV and then by BaInt that had a Ef of 4.56 eV. The least stable configuration was BaCo with a formation energy of 
8.66 eV. Both dopants preferred to substitute a Na1 site, however in the case of Ba doping the BaNa1 configuration had 
a larger margin of stability than the CaNa1 configuration. 
In order to reveal the origin of the stability of these dopants in Na1 site, as a representative, we calculated the partial 
density of states (P/DOS) of Na0.75CoO2 system doped with BaNa1 and BaCo as presented in Fig. 3 (a) and (b) 
respectively. We found that, for both configurations, O’s 2p states (lighter shaded area) approximately stretch over an 
energy range of −7 eV to −2 eV while Co’s 3d states (dark shaded areas) concentrate in the region confined within 2 
eV below Fermi level. As a result the hybridization between Co’s and O’s states is relatively weak. Fig. 2(a) represents 
the P/DOS of the Na0.75CoO2:BaNa1 system. Both Ba’s 6s states are generally delocalized over the −7 eV to −2 eV with 
respect to Fermi level, hybridizing strongly with O’s 2p and Na’s 1s states. It is especially obvious near the bottom of 
the valence band where Ba’s 6s states along with Na’s 1s states constitute a broad peak (marked by an arrow in Fig 
3(a)). However, as Ba states diminish near Fermi level, the hybridization between Ba’s 6s states with Co’s 3d states 
becomes minimal. In the case of BaCo dopants, according to Fig. 3(b), due to the location of Ba with respect to Co ions, 
there is a greater hybridization between Ba’s 6s electrons and Co’s 3d electrons which, in turn, causes the valence band 
 M.H.N. Assadi and H. Katayama-Yoshida /  Energy Procedia  75 ( 2015 )  3259 – 3264 3263
maximum to cross the Fermi level (marked by an arrow in Fig (b)). By comparing the location of Ba’s 6s states in the 
BaNa1 and BaCo configurations, we realize that in the case of BaNa1, the majority of Ba states move to the bottom of the 
valence band while in the case of BaCo the majority of Ba 6s states move closer to the valence band maximum. 
Therefore, the BaNa1 configuration, by having a lower energy range for Ba’s electrons, becomes the more stable 
configuration. Our previous works also show the same electronic trend other alkaline earth metal dopants namely Mg 
and Sr.  
The incorporation of heavier and doubly charged dopants in the Na layer creates both mass and electrostatic inertia 
against the liquid-like Na ions (a characteristic of the material at higher temperatures [11]), therefore restricting the 
random motion of Na ions and increasing the mean free path of the charge carriers. This eventually results in a greater 
charge mobility that improves the electrical conductivity without having any adverse effect on the Seebeck coefficient. 
The restoration of long range ordering has been experimentally verified for other dopants, which are incorporated in 
the Na layer. For example, in Mg doped Na0.8CoO2 system, Raman spectroscopy measurement detected the peaks of 
Na ordering at room temperatures [4]. Furthermore, neutron diffraction measurements have demonstrated that Ca 
doping in Na layer restores Na ions’ superlattice structures at temperatures as high as 490 K [12]. This is in contrast to 
the case of undoped Na0.5CoO2, in which Na superstructures are observed to vanish at temperatures higher than 200 K. 
In the light of this theoretical study, we can develop the novel concept of site specific targeting dopants. These 
dopants possess specific mass, charge/spin state and electronegativity to occupy a targeted lattice site in the cobaltites 
complex primitive cell. Such theoretical guidance saves huge experimental efforts in pursuing the best chemical 
composition for high performance thermoelectrics [13]. 
4. Conclusions 
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Both Ca and Ba dopants tend to substitute Na site instead of Co site. However, the margin of stability in the case of 
Ba is greater than the one of Ca. This trend is very similar to other alkaline earth metals namely Mg and Sr. 
Furthermore, the formation energy of Ca dopants in sodium cobaltate is generally higher than the formation energy Ba. 
This implies that for successful Ca doping, non-equilibrium methods should be used. 
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